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Abstract 
Naphthenic acid (NA) found in hydrocarbon deposits is responsible for acidity of petroleum oils. In this study, a 
model compound of NAs, 2, 6-Naphthalenedicarboxylic acid (NDCA), is used for total acid number (TAN) 
reduction kinetic analysis. This goal of this paper is to investigate the capability of subcritical methanol (SubC-
MeOH) for reducing acidity of NDCA without the addition of any catalyst or additives. The reaction kinetics is also 
discovered for large scale reactor design. The experiments were carried out in a 25 ml autoclave reactor (China) at 
temperatures of 180-220oC, a methanol partial pressure (MPP) of 0.1 MPa, reaction times of 0-60 min and a NDCA 
initial gas phase concentration of 0.03 g/mL. The TAN content of the samples were analyzed using American 
Society for Testing Materials (ASTM) D 974 techniques. The reaction products were identified and quantified with 
the help of GC/MS and GC-FID respectively. Experimental results reveal that TAN reduction of NDCA was 
increasing with increasing reaction temperature and time. Approximately, 52.12% TAN was reduced at a 
temperature of 220oC, a MPP of 0.1 MPa, and a reaction time of 60 min. Experimental data revealed that TAN 
removal reaction kinetics followed second order kinetics with an activation energy of 8.24 kcal/mol and a pre-
exponential factor of 2.087 fraction-1s-1. Therefore, SubC-MeOH is capable to reduce TAN of NDCA without the 
addition of any catalyst or additives. 
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1. Introduction 
Naphthenic acids (NAs) present in heavy oil (API gravity between 10 and 20 [1]) are the fundamental 
contributor to the acidity of heavy oil [2]. Acidity of petroleum oils is expressed in terms of total acid number 
(TAN), the amount of potassium hydroxide in milligrams that is required to neutralize the acids present in one gram 
of oil [3]. NAs are intricate mixtures of alkyl-substituted acyclic and cycloaliphatic carboxylic acids found in 
petroleum deposits such as oil sands bitumen, and crude oils [4 - 6]. They are considered to be created from aerobic 
microbial degradation of petroleum hydrocarbon [4]. They are denominated by the general chemical formulae 
CnH2n+zO2, where n implies the number of carbon and z is zero or a negative, even integer that specifies the 
hydrogen deficiency resulting from ring formation. The number of rings present in the compounds can be obtained 
dividing the absolute value of z by 2. Fused or bridged rings are generally present in the molecules of NAs. Fig. 1 
depicts examples of typical structures of NAs having different number of rings and z values [6]. The 2, 6-
Naphthalenedicarboxylic acid (NDCA) is a model compound of NAs whose z value is -4.  
 
 
 
Fig. 1 General structure of NAs 
 
The corrosive NAs cause many problems in oil and gas industry such as equipment failure, maintenance cost 
elevation, turnaround more frequently, product quality reduction and environmental disposal problems creation [7]. 
Research results revealed that corrosion happens at TAN level of 1.5 mg KOH/g and above [8]. Besides that, NAs 
create emulsion in refinement process that is difficult to separate during separation process. As a result, high TAN 
content crudes are considered as lower market value crude [9]. This crucial problem is facing by the oil production 
companies all over the world. Hence, it is required to search for appropriate technologies to dispel or lessen the 
acidic substances from petroleum oils [10]. 
A lots of TAN reduction techniques have been proposed by previous researchers to reduce acidity in crude oil. 
Ding et al. [11] have classified TAN reduction techniques into two methods – (1) destructive methods, such as 
thermal cracking and hydrogenation process, (2) non-destructive methods, such as adsorption and solvent extraction. 
The physical separation methods, for example adsorptive separation and solvent extraction, separate naphthenates 
from petroleum oils without changing them chemically [12, 13]. In reality, solvent extraction produce stable 
emulsion and excessive industrial waste water making the process non-selective. On the other hand, adsorption 
process is said to be less efficient to treat highly viscous crude oil. The thermal deacidification process alters 
carboxylic acids into hydrocarbons and carbon dioxide due to the thermal instability of NAs. But, high temperature 
(400oC) is required for this method which implies high operation cost. Rudolf [14] also found that this process 
consumed more time and decomposition of NA for some cases was incomplete. Chemical decomposition methods, 
for example esterification or neutralization of the NAs, are also used for this purpose as they have weak nature and 
can be broken easily into salts, then can be removed. Ester can be decomposed into fatty acids again at crude oil 
1215 Pradip Chandra Mandal et al. /  Procedia Engineering  148 ( 2016 )  1213 – 1219 
refinement conditions creating corrosion in distillation column. Another way of the chemical destruction of NAs is 
hydrogenation. However, huge amount of hydrogen gas is required at plant side for continuous treatment [15] 
making the process inefficient.   
Now-a-days, researches have concentrated their study of acidity reduction of NAs using environmental benign 
processes. Ionic liquids (ILs) and supercritical fluid (SCF) based technologies are extensively used in different fields 
of chemical technologies as a green process. IL based technology can reduce acidity of crude oil. But this method 
also implies high cost. Methanol is simpler form of alcohol having bubble point, Tbp = 64.6
oC and Pbp = 0.1 MPa, 
and critical point, Tc= 239.45
oC and Pc = 8.10 MPa. Methanol below its critical point and above its bubble point it is 
considered as subcritical methanol (SubC-MeOH). Methanol above its critical point is known as supercritical 
methanol (SC-MeOH). Mandal et al. discovered that supercritical water (SCW) [7] and SC-MeOH [3] has the 
capability of reducing acidity of NAs. These processes are expensive due to the necessity of elevated temperature 
and pressure. Mandal et al. [2] shows that kinetics of the reaction of NA and SC-MeOH follow first order kinetics. 
Besides that reaction between some organic acids and fatty alcohol showed first order kinetics with respect to acid 
[16]. On the other hand, Wang et al. [17] proves that reaction kinetics of esterification reaction between NA and 
methanol with and without SnO catalyst follows second order. Likewise esterification reaction between oleic acid 
and methanol under the pressure also shows the second order kinetics [18]. Similarly, the kinetics of the 
esterification process of NAs in Colombian heavy crude oil using methanol without adding any catalyst follows 
second order kinetics [12]. In fact, total acid number (TAN) value of NAs need to lessen at a temperature and a 
pressure less than their distillation temperature and pressure for reducing corrosion in production, storage, and 
transportation of heavy petroleum oils. SubC-MeOH has liquid and vapour phase and it can dissolve NA properly. 
In addition, vapour of SubC-MeOH can diffuse through NAs easily and its liquid density and viscosity decreases 
with increasing temperature [19]. Moreover, SubC-MeOH is capable to enhance esterification reaction than the 
methanol done at low temperature. Thus, the properties of SubC-MeOH help to be a candidate of the alternative way 
of acidity reduction at low cost.  
The goal of this technical paper is to investigate the capability of SubC-MeOH for reducing acidity of NDCA, a 
model compound of NAs. In addition, TAN removal kinetics is also explored at temperatures of 180-220°C, a 
methanol partial pressure (MPP) of 0.1 MPa, reaction temperatures of 0-60 min and a NDCA initial gas phase 
concentrations of 0.03 g/mL. 
   
2. Methodology 
 
2.1. Materials used  
NDCA (C12H8O4) was chosen as a model compound of NAs in this study. It has one fused pair of benzene ring 
with two carboxyl group where z= - 4 and n = 12. This compound (purity: 99%) was purchased from Sigma-
Aldrich and was used without further treatment. Its molecular weight is 216.19 g/mol, and melting point is 300oC. 
Other reagents, n,n-dimethylacetamide (DMA), toluene, 2-propanol, potassium hydroxide, and phenolphthalein 
were obtained from EMD Corporation and were used without further treatment. The mixture of toluene, and 2-
propanol at a ratio of 1:1 was used as solvent for collecting the samples and determining TAN.  
 
2.2 Equipment 
 
All experiments were performed in 25 ml autoclave reactor fabricated by Shanghai Yanzheng Experiment 
Instrument Co., Ltd., China for maximum temperature of 230°C and pressure of 3 MPa (gauge). The reactor is a 
stainless steel structure, durable and gas-tight. Inner chamber of the reactor is made from 
polytetrafluoroethylene (PTFE) to minimize corrosion. 
 
2.3 Experimental Procedure 
 
Approximately 0.75 g of NDCA by dissolving in DMA and 10.0 - 20.0 mL of methanol were charged into the 
autoclave reactor. The amount of loaded methanol was maintained to control MPP at constant reactor volume and 
reaction temperature. The Peng-Robinson equation of state was exercised to calculate the amount of methanol to 
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achieve desired pressure by fixing the temperature and the MPP. An exact amount of methanol was charged into the 
reactor for the time of experiments. The reactor was then charged into a furnace that was preheated to the planned 
temperature. After a specific reaction time, the reactor was removed from the furnace and kept it in a water bath by 
allowing sufficient time to cool the reactor at room temperature. Ultimately, the reaction products were gathered in 
sample bottles by washing the reactor interior at least three times with solvent.   
 
2.4 Analytical Procedure  
 
Mandal et al. [2] disclosed that American Society for Testing Materials (ASTM) D 974 has adequate accuracy 
for calculating TAN value. This method was exercised in this study for calculating TAN value. In this method, a 
mixed solvent, toluene and 2-propanol in 1:1 ratio, for collecting reaction products and an indicator, phenolphthalein, 
for detecting end point were used. A newly prepared potassium hydroxide standard solution at a concentration of 
approximately 0.05 mol/L was utilized as a titrant.  In this study, the following terms are used:  
Titration was utilized to calculate the acidity of NAs as TAN using the following equation:   
 
                       ܶܣܰ ቀmg KOH
g CAቁൌ ൤
V KOH x N KOH x 56.10
W CA,0
൨                                                                                               (1) 
 
where V KOH = volume of KOH (mL), N KOH = the concentration of KOH (mmol/mL), and W CA,0 = the amount of 
NA (g).  
TAN reduction was the indication of reduction of acidity of NDCA. The extent of TAN reduction of NDCA was 
calculated using the equation shown below: 
 
                       TAN reduction (%) = TAN0 - TANt
TAN0
ݔͳͲͲ                                                                                           (2) 
 
where ܶܣ ଴ܰ = the initial TAN in loaded NDCA (mg KOH/ g NDCA) and ܶܣ ௧ܰ = the TAN at reaction time of t (mg 
KOH/ g NDCA). 
The reaction products were also analysed using gas chromatography-mass spectrometry (GC/MS) method for 
identifying reaction products. The column, BPX5 non polar and low bleed capillary column, 30 m long by 0.25 mm 
diameter was used. The samples were diluted by adding methylene chloride before charging the samples in GC/MS 
analyser at a specified temperature program. In addition, the reaction products were quantified using Gas 
chromatography - flame ionization detector (GC-FID).  
All experiments were carried out triple. The error margin of the achieved data was less than 4% with 96% 
confident.  
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Fig. 2. Change of TAN reduction as a function of reaction temperature and time (Symbol: ∆, at temperature of 180oC; □, at temperature of 200oC; 
◊, at temperature of 220oC) 
 
3. Results and Discussion 
 
3.1. TAN reduction 
 
To observe the capability of SubC-MeOH for TAN reduction of NDCA, approximately twenty-one experiments 
were performed at temperatures of 180-220oC, a MPP of 0.1 MPa, and reaction times of 0-60 min. NDCA used in 
this study had an initial TAN value 26.09 mg KOH/ g NDCA. Fig. 2 shows that TAN removal of NDCA was 
increasing with increasing reaction temperature and time. Approximately 52.12% TAN was removed at a 
temperature of 220oC, a MPP of 0.1 MPa, a reaction time of 60 min. SubC-MeOH is a good solvent and can 
dissolve many organic feedstock like petroleum oil. NDCA and methanol was mixed properly with increasing 
temperature and thus increase the collisions between them to increase the rate of reaction.     
 
 
Fig. 3. TAN reduction kinetics plot (Symbol: ∆, at temperature of 180oC; □, at temperature of 200oC; ◊, at temperature of 220oC) 
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Fig. 4. Arrhenius plot 
 
 
3.2 TAN reduction kinetics  
 
Reaction kinetics is very important to design chemical reactor. To discover the reaction order of the reaction 
between NDCA and SubC-MeOH, a plot of 
ଵ
ଵି௑ versus reaction time is plotted [Fig. 3]. Each set of data give 
straight line which obtained with the least square method pass almost exactly through the initial TAN reduction 
value indicating second order kinetics with respect to TAN removal. The reaction kinetics analysis of this study was 
tested and evaluated to a maximum of 45.68% TAN removal as kinetics data were more compatible with second 
order kinetics at this extent [20]. An Arrhenius type temperature dependency acidity removal rate constant is 
presented in Fig. 4. By exploring this plot the activation energy and pre-exponential factor of the said reaction was 
discovered and the respective values were 8.24 kcal/mol and 2.087 fraction-1 s-1. Thus the Arrhenius equation can be 
rewritten as: 
 
݇ௌ௨௕஼ିெ௘ைு ൌ ʹǤͲͺ͹݁
షఴǤమర
ೃ೅                                                                                                                (3) 
 
The activation energy for reaction between SC-MeOH and NAs is 5.78 kcal/mol [2]. Wang et al. in 2006 [17] 
obtained activation energy of 36.74 kcal/mol and 24.89 kcal/mol for esterification reaction between methanol and 
NA with 1wt.% SnO catalyst and without catalyst respectively. In addition, the activation energy for the 
esterification reaction of NAs in Colombian heavy crude oil and methanol at temperatures of 150-250oC is 17.27 
kcal/mol [12]. Thus, SubC-MeOH requires higher energy than SC-MeOH, and lower energy than the other methods 
presented by Wang et al. and Quiroga-Becerra et al.  
 
 
Fig. 5. Variation of CPCA concentration at a function of temperature and reaction time (Symbol: ∆, at temperature of 180oC; □, at temperature of 
200oC; ◊, at temperature of 220oC) 
 
NDCA was decomposed into other non-acidic compounds by reacting with methanol at subcritical condition. 
Fig. 5 depicts that concentration of NDCA was decreasing with increasing reaction temperature and time. Initial 
NDCA concentration was 0.03 g/mL. This value was decreased to 0.009 g/mL at a temperature of 220oC, a MPP of 
0.10 MPa, a reaction time of 60 min. 
 
4. Conclusions 
 
The capability of SubC-MeOH on TAN reduction of CPCA was explored in this study. In the reaction between 
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NAs and methanol, methanol was act as a reaction media as well as a reactant. TAN reduction was affected by the 
reaction temperature and treatment time and was increasing with increasing reaction time and temperature. SubC-
MeOH reduced approximately 52.12% TAN of NDCA at a temperature of 220oC, a MPP of 0.1 MPa, and reaction 
time of 60 min. The kinetics of TAN reduction of NDCA using SubC-MeOH without the addition of catalyst at 
specified reaction conditions was adjusted to a second order kinetics with respect to the TAN reduction of NDCA. 
The calculated activation energy of the reaction was 8.24 kcal/mol. This value is lower than the reaction of methanol 
with NAs of Colombian crude oil at temperatures of 150-250oC. This investigation determined the global reaction. 
So extensive studies are essential for optimizing the reaction towards the TAN reduction and propose suitable 
reaction mechanism through selectivity versus conversion plots.   
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